Three enzymes with L-and one enzyme with D-aminopeptidase (EC 3.4.11; a-aminoacyl peptide hydrolase) activity have been separated from each other and partially purified from Bacillus subtilis 168 W. T., distinguished with respect to their molecular weights and catalytic properties, and studied in relation to the physiology of this bacterium. One L-aminopeptidase, designated aminopeptidase I, has a molecular weight of 210,000 i 20,000, is produced early in growth, and hydrolyzes L-alanyl-,-naphthylamide most rapidly. Another, designated aminopeptidase II, molecular weight 67,000 i 10,000, is also produced early in growth and hydrolyzes L-lysyl-,@-naphthylamide most rapidly. A third, aminopeptidase III, molecular weight 228,000 i 20,000, is produced predominantly in early stationary phase and most efficiently utilizes L-a-aspartyl-,-naphthylamide as substrate. The synthesis of aminopeptidase III in early stationary phase suggests that selective catabolism of peptides occurs at this time, perhaps related to the cessation of growth or the onset of early sporulation-associated events. A D-aminopeptidase which hydrolyzes the carboxyl-blocked dipeptide D-alanyl-Dalanyl-B-naphthylamide (as well as D-alanyl-,B-naphthylamide and D-alanyl-Dalanyl-D-alanine) has also been identified, separated from aminopeptidase II, and purified 170-fold. D-Aminopeptidase, molecular weight 220,000 1 20,000, is localized predominantly in the cell wall and periplasm of the organism. This evidence and the variation of the activity during the growth cycle suggest an important function in cell wall or peptide antibiotic metabolism.
The appearance of aminopeptidases, intracellularly and extracellularly, in cultures of many bacterial species has been noted (e.g., 4, 5, 18, 22) . In the genus Bacillus, Aubert and Millet (2) reported an aminopeptidase in B. megaterium which increases fivefold in activity during sporulation. Hall et al. reported an extracellular aminopeptidase in culture filtrates of B. licheniformis which has a pH optimum of 8.5 to 9.0 and was activated by Co'+ ions (10) . Two aminopeptidases have also been reported in B. stearothermophilus (20, 23) .
Matsumura et al. (17) and Minamiura et al. (19) reported two L-aminopeptidases in B. subtilis which could be separated by means of diethylaminoethyl (DEAE)-cellulose chromatography. At least one of these activities appeared chromatographically at the same elution volume with a n-aminopeptidase (APD). This APD was not separated from the L-aminopeptidase activity. Wagner et al. (26) described an extracellular L-aminopeptidase in cultures of B. subtilis which they suggest is secreted, under appropriate conditions, by intact cells into the medium. The pH optimum of this enzyme was 8 .0, and Co'" was found to activate it.
Other enzymes which hydrolyze D-aminoacyl peptides have also been reported in Bacillus species. A D,D-carboxypeptidase and a D-transpeptidase have been extensively studied with respect to their role in cell wall synthesis and sensitivity to antibiotics. These activities have been reviewed recently, and it has been suggested that a single protein might be responsible for these two activities (7) .
Other transpeptidase or aminoacyl transferase activities specific for both D-aminoacyl and L-aminoacyl residues must be presumed to be present in these organisms, since cells in early stationary phase synthesize peptide antibiotics containing both configurations in a nonribosomal process (e.g., 13 ).
The present work was undertaken to identify and study the biosynthesis and properties of some aminopeptidases of B. subtilis in order to provide a foundation for studies of the function(s) they have in the physiology of this organism. Chemicals. Aminoacyl-,B-naphthylamides were obtained from Mann Research Laboratories, New York, N.Y., and from Fox Chemical Co., Los Angeles, Calif. DEAE-cellulose was obtained from Sigma Chemical Co., St. Louis, Mo.
Aminopeptidase assays. For quantitative determinations of aminopeptidase activity, a previously described colorimetric assay was used (3) . The substrate was the appropriate aminoacyl-B-naphthylamide (0.001 M), and the unit of activity was defined as that amount of enzyme which hydrolyzes 1 jmol of substrate per min.
Since the L-aminopeptidases reported here all have significant activity with L-alanyl-,-naphthylamide as substrate, it was used for all growth studies and for assay of all DEAE-cellulose columns. Except when specified in the figure legends, D-alanyl-,-naphthylamide was the substrate for the APD. All colorimetric assays for the L-aminopeptidases were performed in the presence of 0.001 M Co2+, which stimulates these activities, at pH 8.0 in 0.01 or 0.02 M tris(hydroxymethyl)aminomethane-maleate buffer. The APD activity is assayed without Co2+ since Co2" has no effect on this enzyme.
For qualitative deternmination of the hydrolysis of short peptides, 0.01 to 0.10 ml of enzyme was incubated with 0.02 ml of 0.01 M Co'+, 0.1 ml of the peptide (3 to 4 mM), and sufficient buffer to make a 0.32-ml reaction mixture. The reaction was stopped by addition of 0.10 ml of 1.0 M acetic acid. The mixture was analyzed with a Beckman model 121 HP automatic amino acid analyzer which had been standardized with the appropriate amino acids and peptides.
Protein assays. Protein was routinely determined by measuring absorbancy at 280 nm. In experiments where specific activity was determined, or where nucleic acids were present, protein was measured by the method of Lowry et al. (16) .
Growth of cells. A 12-h culture (100 ml) of the strain of B. subtilis being tested was inoculated into 3 liters of Hanson complex medium for sporulation of B. subtilis (12) . The cells were grown at 37 C with vigorous aeration. Growth was measured by estimating the turbidity of the cultures at 650 nm (Bausch and Lomb Spectronic 20 colorimeter). Samples of 50 to 100 ml were removed at specified intervals, and harvested immediately by centrifugation at 4 C, 12,000 x g.
The cells were washed three times in cold 0.01 M tris(hydroxymethyl)aminomethane-maleate buffer, pH 8.0, and lysed by sonification for 2 min in a Branson model S125 Sonifier. The lysates were clarified by centrifugation (4 C, 30,000 x g, 20 min), and the specific activity was determined.
To prepare samples for ion exchange chromatography, cultures were grown in the same way, but larger (500-ml) samples were utilized and the clarified lysate was dialyzed overnight against 0.01 M tris(hydroxymethyl)aminomethane-maleate buffer (pH 7.0, 0.005 M KCI) before placing it on the column.
Heat-resistant spore titers. Culture samples were diluted, heated to 80 C for 10 min, and plated in duplicate on nutrient agar plates (Difco) for colony counts.
Ion exchange chromatography. A column (0.9 by 22 cm) was packed with DEAE-cellulose under 1 atm of nitrogen pressure. The column was equilibrated with 0.01 M tris(hydroxymethyl)aminomethanemaleate buffer, pH 7.0, with 0.005 M KCI. Lysates of B. subtilis which had been dialyzed overnight against the same buffer were placed on the column. A linear gradient of KCI (0.005 M to 0.4 M; flow rate, 25 ml/h) in the same buffer (500 ml, total volume) was used to elute proteins from the column.
Molecular weight estimation by gel filtration. A column (1.5 by 96 cm) was packed with Sephadex G-200 and equilibrated with 0.10 M borate buffer, pH 8.0, which was also 0.50 M with respect to NaCl. To calibrate the column, 5 mg of each of the following was dissolved in 2.5 ml of the column buffer: blue dextran, gamma globulin, bovine serum albumin, lysozyme, and myoglobin. This mixture was pumped through the column at a rate of 2.5 ml/h. Elution volumes (v.) were determined by measuring the absorbance of the column fractions at 280 nm. For molecular weight estimation of the aminopeptidases separated by ion exchange, pooled fractions were concentrated by pressure dialysis with a Diaflo PM10 ultrafiltration membrane. A 2.5-ml aliquot of the concentrated enzyme sample was then dialyzed against the column buffer and loaded onto the column together with 2.5 mg of blue dextran and 5 mg of an internal protein standard (either gamma globulin or bovine serum albumin). The elution volumes of the protein standard and blue dextran were determined by measuring the absorbance of the fractions at a wavelength of 280 nm; the aminopeptidase elution volume was measured by colorimetric enzymatic assay. The approximate molecular weight was determined by reference to a plot made using standard proteins, according to the method of Andrews (1) .
Determination of pH optimum. The effect of hydrogen ion concentration on enzyme activity was measured in a buffer which was 0.20 M with respect to maleate, phosphate, and borate. This buffer system has significant buffering capacity in the pH range from 5.0 to 9.6. The colorimetric assay was used; no attempt was made to differentiate between irreversible inactivation and inactivation which is reversible by restoring the enzyme to optimal pH. Cellular localization of the APD. APD was localized in the cell by a technique adapted from Weibull and Bergstrom (27) Fig. 1 and 2 show the variation of aminopeptidase activity, specific activity, and soluble protein with growth. Here both L-alanyl-( Fig.   1A and 1B) and D-alanyl-fl-naphthylamide ( Fig. 2A and 2B ) have been used as substrate. In addition, the appearance of heat-resistant spores is indicated in Fig. 1A , although the time of appearance of heat resistance is the same in both of the experiments shown in Fig. 1 and 2 . In general, whether the activity observed is hydrolyzing either substrate, the pattern of variation is the same during log-phase growth. Fig. 1 Experiments not rpported here wit of L-aminoacyl-B-naphthylamides that there was a somewhat different specificity between the total amin (naphthylamidase) produced in growth and that produced in the stationary phase during the events ji ing and throughout sporulation. At l of the difference in specificity may be to the appearance of another enzymal during the later stage of growth (Fi growth conditions for this experimen tical to those used in the experiment,-in Fig ty for both tion. Each of these aminopeptidases has signifi-!4-h period, cant activity toward L-alanyl-,B-naphthylamide o be due to (see Table 2 ), although AP II has a low activity t of soluble with this substrate when compared with the rate observed with L-lysyl-#-naphthylamide. How-;h a variety ever, the absolute rate with L-alanyl-,B-naphindicated thylamide is still quite high, and this substrate t substrate was used for these column studies. The identity opeptidase of each peak with activity was confirmed by log-phase studying its substrate activity profile, since maximum some differences in elution volumes do occur ast preced-from experiment to experiment. The first rise in east a part aminopeptidase activity, between 2 and 5 h attributed (Fig. 1 ) is attributed to a marked increase in the tic activity activity of AP II. On the average, AP I deig. 3). The creased only slightly during the period, and the kt are iden-decrease shown here (Fig. 3 ) is greater than s described average. le fractions As previously noted, the second rise in L-5, 9, and 11 aminopeptidase specific activity ( Fig. 1) be-,llulose col-tween 7 and 12 h, may be largely attributed to peaks with the appearance of AP III during this stage of ird peak is growth. This rise in activity briefly precedes the ,lutes from increase in heat-resistant spore formation. The aminopep-data shown in Fig. 4 The optical density at 580 nm (OD5..) may be converted to micromoles per minute by multiplying by 0.02. Fraction volume was 10 ml. The experiments shown in Fig. 3 and 4 do not use comparable amounts of protein. Aminopeptidases I and III were used for substrate specificity studies (Table 2) in the maximum stage of purity obtained from DEAEcellulose separation of AP I and AP III, followed by G-200 chromatography of the separated activities. AP II was used after it had been separated from APD by G-200 chromatography (Fig. 6 ) and after both AP II and APD had been separated from AP I and III by DEAE-cellulose chromatography. Neither AP I, II, or III has yet been purified to homogeneity, but acrylamide gels indicate, in the case of each activity, only one protein band which demonstrates the ability to hydrolyze L-alanyl-,B-naphthylamide.
The rate at which these aminopeptidases hydrolyze nine aminoa6yl-ft-naphthylamides was measured to distinguish the individual substrate specificities of these enzymes ( tested does not exceed 15% of the rate at which L-aspartyl-,B-naphthylamide is hydrolyzed. LGlutamyl-,8-naphthylamide is hydrolyzed at only 10% the rate of L-aspartyl-,-naphthylamide even though it is structurally similar. D-Alanyl-o-naphthylamide is not a substrate for the L-aminopeptidases nor are the L-aminoacyl-,@-naphthylamides substrates for APD. An amino-protected compound, N-acetyl-L-phenylalanyl-,8-naphthylamide, was not a substrate for any of the L-aminopeptidases, even at enzyme levels which provided significant rates of hydrolysis for L-phenylalanyl-,B-naphthylamide. Amino-protected substrates have not been tested with APD. Di-and tetra-L-alanine are good substrates for hydrolysis by AP I, AP II, and AP III, and none of the three enzymes hydrolyzes di-or tri-D-alanine, while APD effectively hydrolyzes the latter D-peptides but not the former ipeptides. D-Leucylglycine is only slowly hydrolyzed by APD. APD effectively hydrolyzes the carboxyl-protected dipeptide D-alanyl-D-alanyl-,8-naphthylamide (Fig. 7) . In the case of L-aminopeptidase hydrolysis of tetra-L-alanine, all of the expected products, alanine, di-L-alanine, and tri-L-alanine are observed. In the case of APD hydrolysis of tri-Dalanine, alanine and di-D-alanine were products.
When D-alanyl-B-naphthylamide is the substrate for APD, the release of ,B-naphthylamine is initially linear with time up to about 1 h (Fig.  7) . The initial substrate concentration was 1 mM. At about 1 h substrate is exhausted and very little product is released. However, when D-alanyl-D-alanyl-,8-naphthylamide is the sub- any of the other peaks of activity, nor have other peaks of aminopeptidase activity been observed in this type experiment. The molecular weight of APD was estimated from the calibrated columns upon which the separation of AP II and APD was obtained (Fig. 6) . APD elutes from these columns as though it were a globular protein with a molecular weight of 220,000 20,000.
Each of the enzymes, AP I, AP II, and AP Ill, has a characteristic pH optimum (Fig. 9) ; that of AP I is near 7.5; that of AP II is 8.5; the pH optimum of AP III is 7.0. Since the activity of all three of the enzymes was at least 90% of maximum at pH 8.0, routine assays were performed at pH 8.0 to minimize problems in technical manipulation and to permit direct comparisons of the three enzymes.
The activity of APD at various hydrogen ion concentrations in the pH range 5 to 9.6 is shown Fig. 10 . Activity is maxii and a pH higher than 9.6 ha in assay here.
In cells harvested durini phase, the APD activity seei predominantly to the cell M (Table 3) , with little or no ac cell membrane. About 20% c is found in the cytoplasm of of localization study has littl4 the L-aminopeptidases since completely distinguishes be prior separation of the three e for distinction of AP I, AP II DISCUSSIC At least four enzymes whi noacyl-,B-naphthylamides I guished in extracts from cell W.T. Three are specific f naphthylamides and one h) acyl-,-naphthylamides. Thes been partially characterize( substrate specificity, particu the L-residue-specific enzyr could be easily distinguishes their relationship to growtl and so that the activities co held to be attributable to difi Cell wall and periplasm
Cell membrane Cytoplasm mal above pH 8.0, not to altered forms of the same basic structure. is not been utilized One of the enzymes, AP III, has not previously been studied, and two of the enzymes, AP II and g early stationary APD, have not previously been identified as ms to be restricted separated enzymatic entities in B. subtilIs (17, vall and periplasm 19) . ctivity found in the
The identification of the enzymes as aminoif the total activity peptidases, rather than the less specific naphthe cell. This type thylamidases, is based on the substrate specifice or no meaning for ity studies shown in Table 2 plus the peptide no single substrate and naphthylamide work cited in the results Atween them, and and Fig. 7 . Clearly, the enzymes designated as )nzymes is required AP I, AP II, and AP III are active against 1, and AP III.
peptides, and are inactive against aminoprotected phenylalanyl-,8-naphthylamide, )N while all three will hydrolyze unblocked phenylich hydrolyze ami-alanyl-n-naphthylamide, although only poorly have been distin-in the case of AP III. Several other naphthylUs of B. subtilis 168 amides are also hydrolyzed. Therefore, it is ror L-aminoacyl-0-reasonable to conclude that these enzymes exydrolyzes 1-amino-hibit what has classically been called amino-;e enzymes have all peptidase activity; that is, peptides are subd with respect to strates and the free amino group at the amino ilarly in the case of terminal appears necessary for activity in the nes, so that they presence of groups which are blocking the car-I during studies of boxyl-terminal end of the amino acid. However, i and sporulation, stepwise hydrolysis of peptides has not yet been ould be confidently demonstrated for these enzymes. Therefore, ferent proteins and more substrate specificity studies will be required to more specifically identify the hydrolytic mechanism of these enzymes, and to eliminate limited D-aminopeptidase activity. Although it may not on the surface seem to be a strong argument, the data in Fig. 7 be argued that the first naphthylamide is not a peptide, the second is a carboxyl-protected peptide. The data reported in Fig. 7 which are based upon the rate of release of,-naphthylamine from these two naphthylamides may be explained only by concluding that in the case of the D-alanyl-D-alanyl-,B-naphthylamide, the as a function ofpH of amino-terminal residue is released first and then the penultimate group is hydrolyzed. (15) . Thus, with the human liver aminopeptidase, L-alanyl-,8-naphthylamide is the best substrate of the naphthylamides, and peptides with amino-terminal alanine are the most rapidly hydrolyzed peptides in a series in which the penultimate group is not varied. If it is assumed that this relationship holds for the B. subtilis enzymes, it is possible to make inferences about the peptide substrate specificity of the aminopeptidases based upon their substrate specificity determined with aminoacyl-,-naphthylamides.
Therefore, B. subtilis 168 W.T. and the sporulation-negative strains B. subtilis 9V and 3Y have the capability of degrading peptides with neutral, L-aspartyl, L-lysyl, and D-alanyl aminoterminal residues, thus maintaining pool levels of these amino acids. An enzyme which is specific for or highly active with amino-terminal glutamyl residues has not been observed. Normally, exogenous supplementation with glutamate is helpful in increasing the rate of sporulation in these organisms (8, 6, 12 Clearly, sporulation is not a necessary antecedent to the appearance of AP III in the cell, nor to the second increase in activity of APD, since both sporulation-negative strains possess activities of the two enzymes comparable to the wild type. However, some biosynthetic events required for sporulation do occur in many sporulation-negative mutants (11) .
Although the function of aminopeptidases in the physiology of bacteria has not been established, the activity of aminopeptidases increases during events preceding sporulation, when the rate of breakdown of cell protein increases from a negligible rate to a rate in excess of 18% per h (24) . This indicates that a general function of aminopeptidases may be to participate, in conjunction with other peptidases, in the breakdown of proteins to produce free amino acids (18) . While the specificity of AP III suggests a more specific function, the broader specificity of AP I and AP II suggests the more general function of protein turnover. The diminished activity of AP I during the stages of growth involving commitment to sporulation indicates that it may play a somewhat diminished direct role in protein turnover just before sporulation.
AP I and AP II may correspond to the aminopeptidases (SAP I and SAP II) found in another strain of B. subtiliz (17, 19) . However, the reported molecular weight of SAP I is approximately 90,000 by gel filtration (17) , which is significantly different from the molecular weight estimated here for aminopeptidase I, which was 210,000 a 20,000 by gel filtration.
APD is found predominantly in the cell wall and periplasm of this organism, but about 20% is still present in the cytoplasmic fraction. Probably the cytoplasmic fraction contains material in the process of being synthesized, since the cells upon which this study was done were actively producing APD.
The role of APD in the physiology of B. subtilis has not been established. The pattern of specific activity throughout the growth cycle is matched generally by the pattern exhibited by aminopeptidases I, H, and III, except that the total activity continues to increase throughout the latter stages of the cycle. In the case of AP I, H, and Ill, the rise in total and specific activity at 8 to 12 h is largely attributable to synthesis of AP III. In the case of APD, no evidence for the synthesis of different activities in the early and late stages of the cycle has been observed, and both increases result apparently from production of the same enzyme. It is possible, since in one preparation not reported here an inhibitor of APD activity was removed during purification, that the apparent decrease in specific activity during the 7-to 8-h period of growth results from the synthesis of this inhibitor.
The early peak of activity at about 7 h coincides with the onset of peptide antibiotic synthesis, which occurs at the end of logarithmic growth and precedes sporulation (13, 14) . These antibiotics are synthesized by nonribosomal enzymatic steps in Bacillus species (14) . If APD plays a role here in antibiotic synthesis, it should exhibit aminoacyl transferase activity where the receptor molecule for the aminoacyl group would be the amino terminus of some peptide portion of the antibiotic molecule. Presumably, APD would transfer D-aminoacyl residues.
The ability to transfer aminoacyl groups is relatively common among enzymes exhibiting aminopeptidase activity. The sole requirement is that an amino acid or peptide, rather than the hydroxyl ion, becomes the nucleophile for the release of the aminoacyl group from the aminoacyl-enzyme intermediate. Generally, however, the hydroxyl ion is a more effective nucleophile than the a-amino group of an amino acid or peptide, except in water-restrictive environments and/or where the alternate nucleophile is bound in close proximity to the aminoacyl group bound to the surface of the enzyme. Therefore, conditions on the enzyme surface must be quite favorable for the transferase reaction. For these reasons, the catalytic properties of an enzyme responsible for this type of reaction might be expected to be somewhat different from those of an enzyme which is restricted to aminopeptidase activity. In the case of APD, the pH versus activity curve and the failure of the activity to be stimulated by Co'+ provide presumptive evidence for different surface properties when these features are compared to those of AP I-III from this organism and to human liver aminopeptidase (3, 9, 25).
These differences suggest that the enzyme may have a different role in the organism. Nevertheless, a search for transferase activity has been negative. Of course, many possible acceptor amino acids or peptides exist, and the enzyme may have a very narrow range of acceptor specificity.
Alternatively, the enzyme may function primarily as a degradative activity. Two roles, based on the specificity for D-aminoacyl residues, appear possible. Presumably, the organism needs a protective mechanism against its own, and perhaps other, peptide antibiotics. If the enzyme were to act by itself, then only the bacitracins would be potential substrates since they have a D-aminoacyl residue in the amino terminal position. However, if the enzyme acts in concert with other peptidases, it would have broad specificity for all of the antibiotic-derived peptides with D-aminoacyl terminal residues. However, it seems likely that either type of activity would result in inactivation of the antibiotic for a target organism as well, unless the degraded antibiotic remained toxic for the target organism(s).
The other possible degradative role requires that this enzyme act in concert with other hydrolytic enzymes in the degradation of D-alanyl-containing peptides in the cell wall during release of heat-resistant spores. APD may not be the primary activity for this function, since all known peptides in the cell wall are protected at their amino terminus. Although this presumed role does not explain the earlier rise in activity during the growth cycle, the specificity of APD for peptides similar to those in cell walls, the time of production (during the stage of growth where cell walls are being broken for spore release), and cellular localization of the enzyme in cell wall and periplasm provide some experimental support for this function.
